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Abstract 
A novel sensor design comprising four high resolution germanium thermistors and one heating resistor offers three different 
operating modes. Measurements confirmed very high sensitivity for conventional calorimetric transduction (modes 1 and 2). In a 
mixed calorimetric-anemometric mode (mode 3), based on the self heating effect of the employed thermistors, the sensor 
combines extremely low power consumption with high flow sensitivity. Additionally, an unambiguous transduction characteristic 
over a wide flow range is available. As output quantities, we analyze the temperature difference of the thermistors, the bridge
unbalanced voltage and the voltage across the supply terminals. The simulation results are in good agreement with corresponding
measurement data confirming the basic assumptions and the modelling approach. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Many modern technical products like cars, process monitors, mass production equipment, or domestic appliances 
are equipped with flow sensors to provide sufficient information for controlled operation. Micromachining is the 
preferred production method for such sensors in order to achieve high sensitivity, quick response, improved 
durability as well as low power consumption. Commonly used micromachined calorimetric flow sensors feature 
heat source(s) and spatially separated temperature sensors, both embedded in a thin membrane [1]. Two temperature 
sensors measure the local temperature at a position upstream and downstream of the heat source. Without fluid flow, 
the temperature field generated by the heat source is symmetrical. Any tangential flow next to the sensor surface 
disturbs this thermal symmetry. Due to convective cooling the downstream thermistor exhibit a higher temperature 
as his upstream counterpart. The upstream/downstream temperature difference is converted into an output voltage, 
which can be used as a measure for the fluid velocity or mass flow. The flow range and sensitivity is strongly 
influenced by the distance between heater and temperature sensors [2]. 
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Contrary to the standard layout [3], we perform FEM simulations and measurement for a new flow sensor layout 
featuring four germanium thermistors embedded in the silicon membrane [4]. The proposed flow sensor can be 
operated in a conventional calorimetric or in a mixed calorimetric-anemometric mode. 
2. Sensor design 
 Figure 1a shows the photomicrograph of the flow sensor chip. The overall chip size amounts to 3 × 6 mm². The 
sensor membrane consists of the SiO2 and Si3N4 wafer coating, and the passivation layer SiNx, featuring 250 nm, 
70 nm, and 1250 nm thickness, respectively. The two substrate thermistors (ST1, ST2) are arranged at the rim of the 
silicon chip and acquire merely the ambient temperature. The four high-resolution membrane thermistors (Rth,1-4) are 
placed symmetrically to membrane midpoint at the distances of 62.5 μm and 187.5 μm, respectively. The sensor 
membrane features an overall size of about 0.5 × 1 mm² and is suspended over a 350 μm thick micromachined 
silicon frame. The thermistors are manufactured on the SiO2-Si3N4 coating of the wafer. Each of them consists of a 
260 nm thick germanium film, which is contacted by four metal strips exhibiting a Ti-Au-Cr sandwich (total 
thickness 270 nm). The thermistor resistance amounts to about 80 kΩ at room temperature. 
Fig. 1. (a) Photomicrograph of the flow sensor arrangement. The overall chip size is 3 × 6 mm². (b) Sensor chip incorporated in the wall of a 
miniaturized rectangular flow channel with cross-sectional dimensions 1.2 × 0.5 mm². 
For the measurements of nitrogen gas flow rates, the silicon chip was incorporated in the wall of a miniaturized 
flow channel (Fig. 1b). A Printed Circuit Board (PCB) of about 0.8 mm thickness forms the bottom of a rectangular 
flow channel of 1.2 mm width and 0.5 mm height. A milled recess accommodates the sensor chip flush with the 
surface of the PCB, enabling tangential flow as indicated in Fig. 1 a. 
3. Simulation, measurements and results 
The novel sensor design approach was accompanied by finite element simulations (COMSOL) and later 
confirmed by measurement. The 2D-FEM analysis is based on the schematic cross section indicated in Fig. 2a. The 
air-flow channel above the senor membrane was modelled by a parabolic flow profile [5].  
The first operating mode features the thin-film chromium resistor as a heat source and the pair of inner or, 
alternatively, outer thermistors as temperature sensors. The output signal is related to the temperature difference of 
the thermistors. A constant bias of 0.5 V is applied to both membrane thermistors. The thermistors current is then 
converted by means of a current to voltage converter circuit und subsequently amplified using standard differential 
amplifiers. The simulated and measured output characteristic for constant heater voltage is depicted in Fig. 3a. The 
diagram indicates high initial flow sensitivity. For higher velocities, however, the output characteristic saturates or it 
even becomes ambiguous. To solve this problem, the heater voltage must be controlled to compensate for efficient 
convective cooling of the sensor membrane [6]. In this case the two substrate thermistors provide reference values of 
the fluid temperature. 
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In the second operating mode the four membrane thermistors are connected to form a Wheatstone bridge 
(Fig. 2b). The chromium resistor remains as the heat source. The simulated and measured output characteristic is 
similar with the previous one (Fig. 3b). The bridge is supplied with low voltage 1V in order to reduce the self-
heating effect of the thermistors. The main advantage of this mode is that the Wheatstone bridge can be easily read 
out, e.g., with a high-impedance galvanometer, without any need for complicated subsequent evaluation circuits. 
Moreover, calculations indicate that this arrangement is insensitive to ambient temperature changes. Thus, the 
second mode does not need pre-calibration with respect to fluid and ambient temperatures. 
Finally, the third operating mode (mixed calorimetric-anemometric mode) utilizes the self-heating effect of the 
membrane thermistors as a heat source. The chromium heater is switched off. In order to avoid the self-destruction 
of the thermistors due to their NTC characteristic the bridge is supplied with a constant current ISUP= 70 μA, rather 
than with a constant voltage as it was case in the second mode. The bridge voltage UB depends on the thermistor 
resistance values and hence on the flow velocity 
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The simulated and measured output characteristics are shown in Fig. 3c. Evaluating the bridge voltage, an excellent 
sensitivity for flow velocities below 2 m/s is found. However, for higher velocities, the output characteristic 
becomes ambiguous as in the previous modes.  
The power consumption Psup in the first two modes amounts to approximately 3 mW, mainly dissipated by the 
chromium heater (Fig. 4a). In the third mode, however, the rated supply current limits the overall power 
consumption Psup = Isup · Usup to only ~ 0.3 mW. Thus, the third mode combines very low power consumption with 
high initial sensitivity. As the bridge is supplied with a constant current, the voltage across the supply terminals Usup
has the same flow dependence as Psup. Thus, it can be utilized as alternative unambiguous transduction characteristic 
(Fig. 4b).
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Fig. 2. (a) Schematic cross section of the flow sensor. Substrate thermistors (ST) measure the ambient temperature. Membrane thermistors (Rth,1-4)
are used as active elements. (b) Wheatstone bridge comprising four membrane thermistors. The bridge is supplied with voltage Usup = 1V 
(mode 2) and with constant current Isup = 70 μA (mode 3). 
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Fig. 3. Comparison of the measured and simulated relative output characteristics for three different operating modes. In the first case (a), the 
output signal is proportional to the temperature difference of the membrane thermistor pair. In the second case (b) and third case (c), the voltage 
across the bridge is used as an output quantity. 
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Fig. 4. Simulated power consumption Psup for: (a) modes 1 and 2; (b) mode 3. 
4. Conclusion 
We compared the measured and FEM-simulated results for micromachined flow sensors. The investigated sensor 
design offers three different operating modes. Comprehensive simulation and measurement analyses revealed that 
beside the conventional calorimetric transduction such sensors are also operable in a mixed calorimetric-
anemometric mode. Based on the self heating effect of the employed high resolution thermistors, this operational 
mode combines extremely low power consumption with high flow sensitivity and in addition, an unambiguous 
transduction characteristic over a wide flow range. An important advantage of the presented design is the inherent 
redundancy of the active sensor elements. In case of failure the heating resistor, the sensor can be operated in the 
third mode. If one of the four diaphragm thermistors is defective, the sensor still functions in the first operating 
mode. A Wheatstone bridge, combining the substrate thermistors pairs with two diaphragm thermistors is also 
feasible, however with changed sensor characteristics. 
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